The hemolytic process in hereditary spherocytosis (HS) is presumed to involve an intrinsic defect in the structure or metabolism of the red cell (1) (2) (3) . The nature of the basic cellular defect remains enigmatic, although its manifestations are well characterized. Distinctive features of the HS red cell are its more spheroidal shape, small surface area, and high hemoglobin concentration and its exceptional proclivity toward splenic sequestration. However, the most singular feature of these cells is their abnormally rapid spheroidal change and increase in osmotic fragility on sterile incubation in vitro (4) (5) (6) . This characteristic response of HS red cells has provided the most reliable method for diagnosis of the disorder (7) .
Efforts to identify a presumed biochemical lesion in HS red cells have had little success. A reported diminution in turnover of organic phosphate esters (8) has not been confirmed (9, 10) , nor have abnormalities been found in the concentrations or kinetics of glycolytic intermediates or in glucose consumption of HS red cells (6, 11, 12) . More recently, evidence has been presented (13, 14) , but later denied (15, 16) , that an abnormality exists in the phospholipids of the red cell membrane in this disease. With incubation, increased loss in lipids from spherocytic membranes has also been reported (17, 18) .
The general presumption in studies of HS red cells has been that a deficit existed in their energy metabolism. This presumption is difficult to reconcile with the findings by Harris and Prankerd (19) and Bertles (20) that the sodium efflux and influx, respectively, across HS cell membranes are * Submitted for publication December 9, 1963 ; accepted April 23, 1964. Supported by U. S. Public Health Service research grant HE-07652-01, National Heart Institute, Bethesda, Md. actually increased, since increased sodium transport should be reflected by heightened, rather than diminished, energy metabolism (21) (22) (23) .
In view of the inconsistencies noted above, the present studies were undertaken to attempt to characterize anew the over-all metabolic behavior of HS red cells and to relate changes in their metabolism on erythrostasis in vitro to changes in their viability in vivo. A preliminary report of these findings has been published (24) .
Methods
Eight patients, all of whom had been splenectomized in the past, served as donors of HS red cells. The patients, from five families, demonstrated normal routine blood counts (25) , including reticulocyte percentages, at the time of the studies. The following characteristics, considered typical of the disease, were present in every donor: a) a congenital hemolytic anemia affecting at least two family members; b) complete clinical remission following splenectomy; c) spherocytes demonstrable on peripheral smear with associated increased osmotic fragilities of fresh and of incubated blood; and d) abnormal degrees of autohemolysis following prolonged incubation, partially corrected by adding glucose.
Fresh blood, drawn into heparin, was centrifuged at 3,000 rpm, the buffy coat was removed, and the cells were resuspended in an incubation medium rendered sterile by Seitz filtration. After recentrifugation and a second removal of any remaining buffy coat, resuspension in the incubation medium to an approximate 35% cell suspension was effected. Leukocytes in these washed suspensions numbered less than 200 per mm3. The incubation medium, unless otherwise stated, was a buffered 5%o dialyzed human serum albumin 1 solution containing the fol- 1 Normal human serum albumin was obtained from Massachusetts Public Health Biologic Laboratories as a 25% solution. After dialysis against appropriate buffer the solution was diluted to a final concentration of 5% in buffer. Previous studies (26, 27) , especially evidence recently presented (28) , indicate that plasma when incubated undergoes alterations in its lipid moieties that lowing constituents: K = 6.5 mEq per L, Na = 165 mEq per L, P04 =40 mmoles per L, HCO3 =25 mEq per L, and Cl = balance of anions. The medium was isosmolal with normal plasma by freezing point depression determination. When pertinent, additives to the medium were present in the following concentrations: glucose, 0.022 M; ouabain,2 3.5 X 10-' M; sucrose, 0.08 M.
The cell suspension was equilibrated to a pH of approximately 7.4 with a 95% oxygen and 5% carbon dioxide mixture before incubation. After removal of a sample of cells for initial metabolic determinations, the remaining cell suspension was further divided and incubated at 370 C in a number of stoppered vessels without shaking unless otherwise noted. At various intervals thereafter one sample was labeled for 30 minutes at 250 C with 150 gc of Cr"-labeled sodium chromate.3 After free chromate was removed with a single centrifugation, the cells were suspended in normal saline and were then injected into serologically compatible normal subjects.
Red cell survival and the sites of sequestration were studied as described previously (29) . At (34) , as modified by Beutler (35) , was used to assay glutathione (GSH) content in red cells. Red cell osmotic fragility was measured by the method of Emerson and his associates (4); in incubation mixtures containing sucrose, however, an initial 1: 100 dilution of blood in the hypotonic salt solutions was used to render negligible the osmotic activity contributed by this substance.
Measurements of radioactive C02 derived from cell suspensions incubated with C14-glucose 5 were made by the use of incubation bottles containing removable plastic wells of Hyamine, as described by Goodner and Freinkel (36) . The incubation was begun with the addition of tracer amounts of the labeled glucose to cells suspended in the usual 5%7 buffered albumin medium containing 150 mg per 100 ml carrier glucose. Approximately 0.1 uc of C14-glucose was added to each 1 ml of 35% cell suspension. After agitation in a 370 C water bath for 4 hours, 0.2 ml of 1 N H2SO4 was added to the red cell suspension through the rubber diaphragmatic top of the incubation bottle. After its evolution and subsequent trapping in the plastic well containing Hyamine, C1402 was counted in a methanol-toluene solution of 2,5-diphenyloxazole-pbis 2-(5-phenyloxazolyl) -benzene 6 in a Packard Tri-Carb liquid scintillation counter with toluene-C"4 as an internal standard. From a knowledge of the counts of C14-glucose added, the total glucose consumption, and the C402 counts produced, the percentage of utilized glucose metabolized to C02 was calculated.
Influx and efflux of sodium in red cells was measured by using tracer 7 Na". Sodium influx was measured in 30% cell suspensions incubated in glucose-containing media. Samples of cells, removed at various times, were washed 3 times in isotonic MgCl2 over a period of 10 minutes. Radioactivity of hemolysates derived therefrom was measured in a well-type scintillation counter. The radioactivity of the suspending medium was also measured at each interval. Total sodium concentrations of the hemolysate and suspending medium were obtained by flame photometry. Calculation of Na influx from these data was made by utilizing the formulas derived by Solomon (37) , as modified by Bertles (20) . Sodium efflux was measured after preincubation of red cells with Naa for 2 hours in glucose-containing media. After three washes and resuspension in a tracer-free medium, a sample of blood suspension was removed for counting, and the remaining blood was reincubated. Figure 1 were studied at the time of their injection ( Figure 1 . Their ability to consume glucose was determined during the 4 hours subsequent to this incubation, as described in the text.
effectively. Despite this "hypermetabolism," however, HS red cells were unable to prevent accumulation of intracellular sodium ions; significant increases in cellular Na content occurred in HS but not in normal red cells. Cellular K+ levels decreased slightly and equally in the two cell suspensions.
Effects of erythrostasis. Duplicate washed suspensions of HS red cells in glucose-containing, buffered albumin media were prepared. One of these was incubated at 37°C in a Dubnoff metabolic shaker at 20 cycles per minute; the other was incubated without agitation at the same temperature after a 5-minute centrifugation at 2,000 rpm. After 3j hours both were labeled with Cr5' and injected into compatible normal recipients. Metabolic determinations were performed on samples of the incubated cells at the time of injection. The results are shown in Figure 2 and Table II . HS red cells, after short periods of stagnant incubation (black circles, Figure 2 ), survived poorly in the circulation (upper, Figure 2 ) with 27%o undergoing early sequestration, principally in the Figure 2 . spleen (lower, Figure 2 ). Cells that had been gently agitated during their incubation (white circles) survived better, with only 10% undergoing sequestration. At the time of injection (Table II) Figure 3 . Gains in intracellular Na by incubated HS red cells (upper, Figure 3 ; white circles) were substantially greater than in normal cells (upper, Figure 3 ; black circles) at all time intervals studied. In contrast the loss of K from both types of cells was equal (lower, Figure 3) .
As shown in Figure 4 , the hereditary spherocyte, despite its propensity to accumulate intracellular Na, was found to actually transfer Na from intracellular to extracellular compartments at a more rapid rate than normal, confirming the findings of Harris and Prankerd (19) . The initial intracellular Na concentrations in the two cell types were essentially equal. However, the calculated efflux of Na from normal cells was 3.7 mEq per L cells per hour, whereas that from hereditary spherocytes was 5.0 mEq per L cells per hour. 8 Since efflux of sodium from spherocytes was actually increased, it follows that sodium accumulation by these cells must be secondary to an increased leak of sodium into the cells. Evidence for an abnormal sodium permeability, suggested previously by the tracer Na studies of Bertles (20) , was also observed in the present studies. In our hands, in two experiments, the calculated influx of sodium into HS cells was 4.6 and 4.8 mEq per L, cells per hour, whereas in normal cells, incubated in parallel, sodium influx was 2.3 and 2.6 mEq per L cells per hour.9 8 Sodium efflux was determined by multiplying the fractional decrease in cellular Na"4 activity per hour by the total intracellular sodium concentration. This calculation ignores the back flux of isotope from extracellular to intracellular space, which results in a slight underestimation of efflux (40) . As evidenced by the acceptable straight-line fit of the data in Figure 4 , this error is negligible in the short-term experiments depicted. 9 The discrepancy between the measured Na influx and efflux of normal red cells is possibly explained by the fact that cells from different normal donors were used in these determinations. Also it is acknowledged that the calculated sodium fluxes in these studies are subject to the following errors: a) Upon incubation the increased lactate production by HS red cells tends to lower pH slightly more than in normal cells (Table III) . This, in turn, might result in a decreased, and hence underestimation of, Na flux across HS cell membranes (37, 41 (51, 47, 48) . That the hypermetabolism of the HS red cell is related to its increased sodium turnover is shown in Table   TABLE (37, 20) . The slight gains in Na content in HS red cells over short periods of incubation (Figure 3 ) indicate that this assumption may not be strictly true. * Two samples of a washed red cell suspension were incubated in parallel with agitation for 4 hours at 370 C. The suspending media with or without added ouabain were identical in P04 and glucose concentration and pH. The experiment depicted is representative of two experiments performed.
VI. Whereas the addition of ouabain to normal red cells produced no significant effect on glycolysis (p >.50), its addition to HS red cells led to a significant decrease in glycolytic rate (p < 0.01).
The average decrease of 18.5%o in the nine experiments depicted is more than half the mean difference in glycolytic rates between HS and normal red cells (Table III) . Indeed, the highly significant difference in glycolytic rate of untreated normal and HS red cells became insignificant during incubation with ouabain (p >.40).
Normal fresh red cells, whose glucose consumption was unaffected by ouabain, could be altered in vitro so as to become ouabain-sensitive. Suspension of red cells in hypotonic media produces osmotic swelling and increased membrane permeability to a variety of substances (52) . Fresh normal red cells were suspended in several nonhemolytic, hypotonic media, and their glucose consumption was measured over the ensuing 4 hours in the presence or absence of ouabain. As seen in Table VII these osmotically swollen cells manifested an increased glycolytic rate compared to the same cells in isotonic medium, and this acceleration of glycolysis was blocked by ouabain.
As seen in Figure 5 , sodium levels in normal cells (upper left) are not altered by ouabain during the first 4 hours of incubation in vitro. In addition, ouabain failed to decrease the glycolytic rate of fresh normal red cells (Table VI) . In contrast, normal cells injured by incubation for 24 hours manifested further increase in intracellular sodium concentration when exposed to ouabain ( Figure 5 ). In these cells, glucose con-sumption was inhibited some 10% by the glycoside, incubated for short periods, gave evidence of a finding similar to that of Murphy (41) . Heredi-utilization of a ouabain-inhibitable sodium transtary spherocytes (right, Figure 5) tion, intracellular sodium levels increased 3-fold in HS red cells exposed to ouabain (top right, Figure 3 ). This imposed inhibition of sodium transport was associated with a significant decrease in the glycolytic activity of these cells as seen in Table VI Figure 5 , the effect of ouabain oln K+ loss was identical in both cell types at all time intervals studied. Red cell swelling (lower, Figure 5) Atmoles/ml cells/hour GSH, mg/100 ml cells 56 55 Na gain, mEq/L cells In addition to its protective effects in vitro, sucrose was found to maintain the viability of incubated spherocytes as determined subsequently in vivo. As shown in the top portion of Figure 8 , HS red cells incubated for 4 hours in vitro survived longer if incubated in the presence of sucrose (white circles) than in its absence (black circles). Splenic sequestration of these treated cells (lower) was correspondingly decreased. Measurements of metabolic activity of these cells at the time of injection are given in Table VIII . Most significant was the correlation between enhanced survival of sucrose-suspended HS red cells (Figure 8 ) and the absence of sodium accumulation in these cells.
Further evidence that the diminished viability of incubated HS red cells relates to their propensity to accumulate Na is shown in Table IX . Parallel incubations of HS and normal red cells were made in media of identical composition except for their concentrations of Na. A low-Na medium was prepared by replacing sodium chloride with an equimolar quantity of choline chloride so that the final extracellular Na concentration was 11 mEq per L. This concentration approximates intracellular Na levels, and thus a net movement of Na into the cells was inhibited. As shown in Table IX , for the first 24 hours of incubation swelling of both normal and HS red cells was completely inhibited in this medium; concomitantly autohemolysis of HS cells after 48 hours was diminished. 22 mM glucose. In the absence of glucose choline produces increased autohemolysis in both cell types (39) . The experiment depicted is representative of two performed. 
Discussion
The present studies suggest that of primary importance in the pathogenesis of hereditary spherocytosis is an inherent increase in sodium permeability of the red cell membrane. The total intracellular sodium concentration of HS red cells, sampled directly from the circulation, is normal (6) . Presumably, therefore, circulating HS red cells compensate for an increased leak of sodium by means of active pumping mechanisms. The expenditure of energy to support this compensation must come ultimately from glucose utilization (21-23) and more specifically through an increased regeneration of ATP (42) (43) (44) (45) . When these cells are deprived of glucose for short periods in vitro, they rapidly gain sodium, and they lose viability as judged by their subsequent survival in vivo. If removed from glucose for longer periods, the intake of sodium (and water) continues, leading to cellular swelling, a further gen-eral increase in membrane permeability, anal ultimately to atutohemolysis. Although more striking in the absence of glucose, these changes were found to occur even in the presence of adequate glucose if HS red cells were allowed to undergo packing. By analogy, red cells subjected to hemoconcentration and erythrostasis in the spleen sinusoids are probably unable to meet their increased sodium transport requirements, thereby initiating the lethal sequence described above.
The relations of abniormial sodiulml perincabilitv to decreased survival of ihereditary splicrocytes.
A close correlation appears to exist between (decreased survival of red cells in vivo andl cellular sodium accumulation in vitro. TFhus, sucrose (lecreases the Na influx of red cells (37) and in our hands inhibited thereby the sodium gain of incubated hereditary spherocytes; concomitantly red cell survival in vivo was enhanced. Conversely, red cells that have been exposed to sulfhydryl inihibitors were found to manifest both increased cation permeability (33) and an extraordinary liability to splenic sequestration (53, 54) . The integrity of cells so altered was also preserved by impermeable osmotic agents such as sucrose (33) .
The fact that excessive autohemolysis occurs in HS cells at a time when red cell volume is diminishing (24 to 48 hours) has led to the view that gross degeneration or dissolution of the cell membrane underlies this phenomenon. That suspension media of moderate sucrose, or low Na, concentrations prevent the excessive autohemolysis of these cells indicates rather that this hemolysis is principally osmotic in nature. Any decrease, however, in surface area of the incubated cells, as by losses of structural lipids (17, 18) would potentiate the lytic effect of osmotic cell swelling.
The mechanisms by which the hereditary spherocyte compensates for increased membrane permeability. Under optimal conditions, namely free suspension in a glucose-containing medium such as circulating plasma, the HS red cell compensates well for the increase in sodium influx across its membrane. The mechanism by which this compensation occurs is probably as follows: A tendency to gain intracellular sodium ion by increased influx serves to stimulate membrane ATPase (55, 56 This figure is in agreement with the observation that ouabain reduced glycolysis by 18%o in HS cells (Table VI) . The increase in glycolysis in the hereditary spherocyte can therefore be inferred to be dependent in large part on membrane ATPase activity.
Only about half of the ATPase activity of the red cell membrane is sensitive to ouabain (47, 48) . Previous studies of this portion have utilized red cell ghosts (47, 48) , or red cells injured by prolonged storage (47) , in each case involving pathologic accumulations of intracellular sodium. That ouabain has a minimal effect upon fresh normal red cells, but a marked effect on HS cells, indicates that this ouabain-sensitive ATPase is stimulated in the former cells by acquired membrane injury but in the latter cells by an inherent abnormality in membrane function. Gabrio, Finch, and Huennekens (62) have similarly suggested from unpublished data that ATPase is in a "latent state" in viable cells but becomes more active as the cell deteriorates.
The products of the reaction catalyzed by ATPase, namely ADP and inorganic phosphate (Pi), have both been found to stimulate the consumption of glucose in subcellular (63) as well as intact cell systems (64) . In addition, both have been proposed as regulators of glycolysis in intact red cells (38, 65) . A direct link, therefore, is suggested between sodium-induced activation of ATPase and hypermetabolism in HS red cells. Thus the increased rate of degradation of ATP stimulated by increased sodium influx provides both energy for increased cation transport, and by its products stimulates glycolysis as well. The reports of abnormally rapid ATP depletion with associated ADP and Pi accumulation in HS red cells incubated in vitro (66) or entrapped in splenic sinusoids (17) are consistent with an increased ATPase activity of these cells, as is the finding (8) of increased inorganic phosphate and decreased ATP labeling in spherocytes incubated with P32. The fact that the Embden-Meyerhof pathway, and not the HMP shunt, was accelerated in HS cells (Table V) is also consistent with this explanation, for the Embden-Meyerhof pathway is solely responsible for ATP regeneration in the red cell. The high hemoglobin concentration and proportionately low cellular water content of HS red cells (6) remains a puzzling and unexplained phenomenon. Its possible relationship to enhanced phosphorolysis of ATP in these cells is currently under study.
The role of the spleen. Those US red cells that initially escape splenic destruction are nevertheless slowed in transit (67) and gradually become more spheroidal with repeated passages through the spleen (68) . This cumulative splenic "conditioning" (17) of cells repeatedly detained and released produces a population of markedly fragile cells destined for permanent trapping and destruction in the spleen. When the red cell tarries in the spleen sinusoids, it is presumably subjected to a number of stresses that might impair metabolic activity. These metabolic stresses include: 1) an impaired diffusion of metabolites and 2) competition for metabolites from surrounding tissue (reticuloendothelial) cells. The first effect, which is mimicked by producing erythrostasis in vitro, produces rapid damage by depleting the red cell of glucose, since the red cell lacks appreciable energy stores. In addition, lactic acid will accumulate while glycolysis lasts, lowering the intracellular pH and thereby inhibiting anaerobic glycolysis further (59, 38 
